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We report on the evolution of the coherent electronic transport through a gate-
defined constriction in a high-mobility graphene device from ballistic transport to
quantum Hall regime upon increasing the magnetic field. At low field, the conductance
exhibits Fabry-Pe´rot resonances resulting from the npn cavities formed beneath the
top-gated regions. Above a critical field B∗ corresponding to the cyclotron radius equal
to the npn cavity length, Fabry-Pe´rot resonances vanish and snake trajectories are
guided through the constriction with a characteristic set of conductance oscillations.
Increasing further the magnetic field allows us to probe the Landau level spectrum
in the constriction, with distortions due to the combination of confinement and de-
confinement of Landau levels in a saddle potential. These observations are confirmed
by numerical calculations.
Controlling electron transport with gate-defined con-
strictions is key in many quantum coherent experiments.
In two-dimensional electron gases formed in semiconduct-
ing heterostructures, constrictions are commonly made
with nano-patterned split-gate electrodes that draw a
short and narrow channel of conduction acting as a quan-
tum point contact (QPC) [1]. Such a local electrostatic
gating enables fine tuning of the electron transmission
through the QPC with the ensuing quantization of the
conductance, both in the ballistic [2, 3] and in the quan-
tum Hall regimes under strong magnetic field [4, 5].
In graphene, engineering such a gate-defined QPC has
proven difficult due to the absence of band gap for the
Dirac electrons [6], which prevents the formation of in-
sulating regions below gate electrodes [7–10] (deplet-
ing an electron (hole)-doped graphene indeed leads to
a hole (electron)-doped region beneath gate electrodes).
At zero magnetic field, the resulting npn junction is par-
tially transparent to charge carriers, thereby hampering
the realization of gate-defined QPCs in graphene. Still,
other approaches based on etched constrictions [11, 12] or
gate-defined long one-dimensional channels [13] have ev-
idenced conductance quantization at zero magnetic field.
Besides, the bilayer graphene case offers more flexibility
as a gap can be induced with an out-of-plane electric field
enabling field effect depletion and conductance quantiza-
tion in a split-gate geometry [14–19].
Recently, some of us demonstrated that, in the quan-
tum Hall regime of high-mobility graphene, the gap that
opens at the charge neutrality point between electron
and hole-type broken symmetry states enables to op-
erate a gate-defined QPC with fine-tuning of the edge-
channels transmission [10]. This result, obtained with
hBN-encapsulated graphene in van der Waals heterostru-
tures, opens the way to more elaborated quantum devices
based on local top or bottom gating, towards exploring
quantum coherent phenomena in graphene and new cor-
related fractional quantum Hall states [20–24] with quan-
tum Hall interferometry [25, 26], non-equilibrium mea-
surements [27], shot noise experiments [28, 29] or electron
quantum optics [30].
However, the impact of the split-gate geometry on the
ballistic transport at zero magnetic field, and the transi-
tion to the high-field quantum Hall regime where trans-
port is dominated by the constriction, remain to be in-
vestigated. Understanding the behavior over the whole
magnetic field range is necessary for designing future of
split-gated graphene devices.
In this work, we show how the transport through a
split-gated constriction in high mobility graphene evolves
from a low-field regime dominated by Fabry-Pe´rot (FP)
interference [31–39] under the top gates, into a high-
field regime dominated by the constriction. At low field,
the analysis of the FP interference together with self-
consistent electrostatic simulations enable to assess the
cavity length and estimate the potential profile across the
n-p-n junction and inside the constriction. At a critical
field B∗, we identify a transition from conduction be-
low the top-gates to transport toward the constriction.
Above B∗, the transport is mediated by snake trajecto-
ries which guide electrons toward the constriction. This
regime is characterized by the emergence of snake oscil-
lations, validated by numerical calculations, and of Lan-
dau levels of the constricted region. The confinement-
de-confinement effect of the saddle potential modifies the
Dirac Landau level spectrum in the constriction, leading
to non-linear field and gate dispersions that we model
theoretically.
High mobility graphene heterostructures are made of
an exfoliated graphene monolayer encapsulated between
two hexagonal boron nitride (hBN) flakes via the van-
der-Waals pick-up technique [40]. In this study, we focus
on a graphene device encapsulated between 18 nm/56 nm
thick bottom/top hBN flakes sitting on a SiO2/Si++
substrate that serves as a back-gate electrode. Suit-
able etching allows for one-dimensional edge contacts to
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2FIG. 1. (a) Scanning electron micrograph of the split-gated
hBN-graphene-hBN device showing the measurement config-
uration. VL and VH correspond to the longitudinal and Hall
voltages, respectively. White dotted lines indicate the edge
of the graphene flake under the top hBN flake. The scale
bar is 1 µm. (b) Longitudinal resistance RL versus back-
gate voltage Vbg at zero top-gate voltage. (c) Schematic of
the heterostructure and simulated energy profiles for differ-
ent top-gate voltages (see Supplementary Information section
1). (d) Colormap of RL versus Vbg and Vtg, showing the four
regions of different charge configurations.
be deposited on the edges of the hBN/graphene/hBN
stack [40]. Top-gate electrodes are patterned onto the
top hBN flake in a split-gate geometry [10], with a sep-
aration of 200 nm and a gate width of 300 nm measured
by SEM micrograph. Six ohmic contacts enable mea-
surements of Hall and longitudinal resistances RH and
RL in 4-terminal configuration, as shown schematically
in Fig. 1a. All measurements are performed at a temper-
ature of 4.2 K.
We begin this study by discussing the device response
to gate voltages and the signature of ballistic transport at
zero magnetic field. Figure 1b shows the back-gate volt-
age dependence of the longitudinal resistance RL that ex-
hibits a sharp resistance peak corresponding to the Dirac
point of the graphene flake. From the Drude conduc-
tance, we extract a Hall mobility of 85000 cm2V−1s−1,
which corresponds to a mean free path of 1 µm at a charge
carrier density n ≈ 1×1012 cm−2. This value of the mean
free path indicates that transport is ballistic across a dis-
tance far superior to the width of the top-gated region.
The longitudinal resistance RL versus back-gate voltage
Vbg and top-gate voltage Vtg is shown in Fig. 1d. The
charge neutrality point of the bulk graphene is apparent
as the horizontal line independent of Vtg at V CNPbg = 0.5
V, indicating very little intrinsic doping. The diagonal
ridge corresponds to a second peak in resistance, signal-
FIG. 2. (a) Longitudinal resistance RL versus top-gate volt-
age Vtg at Vbg = 5 V. (b) Schematic of ballistic electron tra-
jectories through the top-gated region. While normally inci-
dent electrons are perfectly transmitted (Klein tunneling) and
large angle electrons are reflected, electrons with intermedi-
ate angles produce Fabry-Pe´rot interference. Leff and Lgate
represent the effective Fabry-Pe´rot cavity length and physical
top-gate width, respectively. (c) Derivative of the longitudi-
nal resistance dRL/dVtg as a function of Vbg and Vtg. The
black arrow indicates the position of the curve in (a). (d)
Derivative of the simulated longitudinal resistance (see Sup-
plementary Information section 2).
ing the charge neutrality point of the graphene top-gated
region, which is under the electrostatic influence of both
the back-gate and top-gate electrodes. From its slope,
we extract a top-gate capacitance Ctg = 65 nF/cm2,
knowing the back-gate capacitance Cbg = 10 nF/cm2
from Hall measurements. These two resistance ridges de-
fine four regions of different polarities (nn’n, np’n, pp’p,
pn’p). This map at zero magnetic field shows no indica-
tion of the presence of the constriction (such as conduc-
tance quantization) due to the small size of the constric-
tion as compared to the much wider regions below the
top gates which are always conducting even in the np’n
and pn’p bipolar regimes [8–10].
Inspecting the Vtg-dependence of the resistance shown
in Fig. 2a for a fixed back-gate voltage, we see that promi-
nent pseudo-periodic oscillations of the longitudinal resis-
tance emerge in the bipolar regime with a pseudo-period
∆Vtg that increases on more negative Vtg values and a
visibility of ∼ 3% over the range Vtg =[-5V, -2V]. The
derivative dRL/dVtg over the entire resistance map in
Fig. 2c reveals their presence in the two bipolar regimes
and shows their dispersion with Vbg and Vtg.
Such resistance oscillations are similar to that observed
in single or double pn-junction devices [31–39] and pro-
vide direct signature of quantum interference of ballistic
3electron trajectories bouncing between the two pn junc-
tions of the top-gated region. As illustrated in Fig. 2b,
the two electrodes of the split-gate form a constriction
but also FP cavities beneath their long section with par-
allel edges. There, the two parallel and partially trans-
mitting pn junctions induce multiple interference for bal-
listic electrons and thus FP resonances in the transmis-
sion of the resulting np’n (pn’p) cavity [41–44]. After av-
eraging over all incidence angles, these sharp resonances
translate into smooth resistance oscillations such as those
visible in Fig. 2a.
Interestingly, despite the fact that the resonant cavity
is cut in two parts due to the split-gate geometry, FP
oscillations are observed with a significant visibility in
the entire area of the bipolar regime under the top gates
(Fig. 2c). At low back-gate voltage, far from the diagonal
ridge, the constriction is also in the bipolar regime, but
forms a narrow non-resonant cavity with non-parallel pn
interfaces, and the resonances average out to zero. At
higher back-gate voltage, close to the diagonal ridge, the
constriction is in the unipolar regime and cannot pro-
duce interference, but the measured resistance pattern is
almost unperturbed. This indicates that the constriction
region has a virtually negligible contribution to the total
conductance at zero magnetic field.
Quantitative analysis of the FP oscillations enables to
extract an effective cavity length Leff between the two
pn junctions, which depends on the applied top-gate and
back-gate voltages. The pseudo-period in charge carrier
density is given by ∆ntg = 2
√
pintg /Leff, where ntg is the
charge carrier density beneath the top-gate [31, 35]. At
Vbg = 10 V, one can calculate the cavity length by esti-
mating the pseudo-period ∆ntg over several oscillations.
By averaging the pseudo-period between Vtg = −5 V and
−1.5 V, we find Leff ' 380 nm, which is slightly larger
than the width of the top-gate electrodes. Self-consistent
electrostatic simulations (see Supplementary Information
section 1) have been performed to calculate the potential
profile across the npn junction (Fig. 1c), and a cavity
length of 366 nm has been obtained for Vbg = 10 V and
Vtg = −3 V, which is close to the value extracted from
the data at the same gate voltages.
We furthermore complement this analysis by numerical
simulations of the transmission through the npn junc-
tions. We calculate the conductance by averaging the
angular dependence of the transmission obtained within
the WKB approximation [43] at zero magnetic field, and
using a potential profile determined by self-consistent
simulations (see Supplementary Information section 2).
The resulting gate-voltage dependence of the transmis-
sion shown in Fig. 2d reproduces qualitatively the exper-
imental pattern of resistance oscillations. The curvature
of the interference fringes at low back-gate voltage corre-
sponds to a significant increase of the cavity length, due
to a weaker screening of the top-gate voltage by the low
carrier density in the bulk region.
We now show that on increasing the magnetic field
towards the quantum Hall regime, the contribution of
the constricted region emerges and becomes predomi-
nant in the conductance. Given the electronic mobil-
ity µ = 85000 cm2V−1s−1, Landau levels should appear
roughly above a field such that B = 1/µ = 0.12 T.
Figure 3 presents the dependence of the resistance os-
cillations with back-gate and top-gate voltages, at dif-
ferent magnetic fields. At B = 0.2 T (Fig. 3a), the
FP oscillations are visible in the bipolar regime. From
B = 0.6 T on, another set of parallel lines appears, ex-
tending from the unipolar to the bipolar regime, with
a smaller slope than that of the Dirac ridge of the top-
gated area (Fig. 3c,d). Since Landau levels in the bulk
graphene should manifest as horizontal lines independent
of the top-gate voltage, and those in the top-gated area
should be parallel to the diagonal Dirac ridge, these new
lines hence correspond to a region with an intermedi-
ate capacitive coupling, which is the constriction region
located between the two electrodes of the split-gate as
previously identified in Ref. [10].
At B = 1 T in Fig. 3d, we extract from the slope of the
line passing through zero top-gate and back-gate voltages
a capacitance ratio CQPCtg /Cbg = 1.2 (C
QPC
tg is the ca-
pacitance between the graphene constriction region and
the top-gate), a value close to the value obtained from
a self-consistent electrostatic simulation of the split-gate
geometry (see Supplementary Information section 1). Al-
though Landau level are usually linear with gate voltage,
non-linearities can be observed in the gate dependence of
the constriction’s Landau levels. This is a consequence
of the saddle potential in the constriction and will be fur-
ther discussed below. Knowing the capacitive coupling
of the constriction, one can calculate the number of Lan-
dau levels expected at B = 1 T for Vbg = 10 V and Vtg
varying from −5 to 5 V, corresponding to a Fermi energy
change in the constriction from 62 to 118 meV. Given the
graphene Landau quantization N = vF
√
2~eBN , N be-
ing the Landau level index, this corresponds to a change
from 3 to 11 filled Landau levels, which is very close to
the 10 oscillations observed over this range in Fig. 3d.
This analysis confirms that the new set of oscillations in
Fig. 3c-d are the Shubnikov-de-Haas oscillations from the
constricted region.
Notice that at B = 0.2 T, no Shubnikov-de-Haas os-
cillations from the top-gated area are visible, because
their spacing in top-gate voltage δVtg is smaller than
the gate resolution of the measurement. Furthermore,
at B = 0.6 T, the electron trajectories do not cross the
top-gated area due to the formation of snake states as
discussed in details in the following, so that the oscilla-
tions of the density of states in this region do not impact
the transmission.
These emerging Shubnikov-de-Haas oscillations of the
constricted region exhibit unusual features. At zero top-
gate voltage in Fig.3d, the Landau levels are equally
4f
FIG. 3. (a-d) Derivative of the longitudinal resistance dRL/dVtg versus back-gate voltage Vbg and top-gate voltage Vtg at
B = 0.2 T, 0.3 T, 0.6 T, and 1 T. In (d), the blue lines correspond to the fitted Landau levels. (e) Longitudinal resistance RL
at B = 1 T. The pattern is typical of edge-channel transport in the quantum Hall regime through a split-gated device. Dashed
lines are guides for the eye showing the limits of regions with different filling factors νb and νQPC in the bulk and constricted
regions, respectively. The thick dashed line corresponds to the charge neutrality of the constricted area. The Landau levels in
the top-gated region are represented by the white dashed lines. (f) Schematic of the saddle potential at the constriction. The
Dirac cones indicate the chemical potential in the top-gated, bulk, and constricted zones.
spaced in density, as expected for a graphene sheet with a
uniform electrostatic potential. At finite top-gate voltage
however, the lines marking the Landau levels are not par-
allel to each others, indicating a gate-voltage-dependent
level spacing. The spacing increases significantly for neg-
ative voltages and decreases slightly for positive voltages.
A given Landau level therefore appears in the map as a
curved line, with an increasing (negative) slope for in-
creasing Landau level index and a small upward curva-
ture.
The origin of these deviations from equally spaced Lan-
dau levels result from the non-uniform electrostatic po-
5FIG. 4. (a) Derivative of the longitudinal resistance dRL/dVtg as a function of the magnetic field B and top-gate voltage Vtg,
at Vbg = 10 V. Fabry-Pe´rot oscillations are bent in the presence of magnetic field, and undergo a phase shift at B = B0. (b)
Line-cuts at 0 and 0.1 T, as indicated by arrows on the right axis in (a). (c) Same data as in (a) over a larger range of Vtg and
B. The Fabry-Pe´rot oscillations are only visible at low field in the bipolar regime. Dashed lines on the top are guide for the eye
for the Shubnikov-de-Haas oscillations from the constricted area. The red arrows point at small amplitude snake oscillations.
(d-f) Schematic of the ballistic electron trajectories within the upper top-gated region upon increasing magnetic field. (f) At
zero field, trajectories are straight. (e) Above B0, trajectories form loops, picking-up the graphene Berry phase. (d) Above B∗,
electrons form closed orbits and no longer reach the opposite side of the junction. Snake orbits appear along the pn interface,
guiding the electronic trajectories through the constriction.
tential in the constriction. The split-gate electrode in-
deed creates a saddle potential with a strong curvature
in the transverse direction and a weak curvature in the
longitudinal direction (see Fig.3f). For positive back-gate
voltage, a negative split-gate voltage induces a trans-
verse confinement that increases the magnetic confine-
ment and leads to an increased Landau level spacing.
Conversely, a positive split-gate voltage induces a trans-
verse deconfinement that reduces the magnetic confine-
ment and leads to a reduced Landau level spacing. A sim-
ilar de-confinement effect has already been observed in
single-top-gate graphene devices (without constriction).
It results in a collapse of the Landau levels into a contin-
uum of states for sufficiently large potential curvatures
[32]. Here, the collapse does not occur due to the pres-
ence of the longitudinal curvature, which is of opposite
sign to the transverse one and thus restores the existence
of closed orbits.
The theoretical equations for the Landau levels in a
saddle potential have no analytical solution in the case of
graphene where the dispersion relation is linear (the high
magnetic field limit is not applicable here) [45]. How-
ever, we can calculate an approximative expression for
the Landau levels in the constriction, taking advantage of
the formal equivalence between the linear and quadratic
dispersion relations in case of an identical carrier den-
sity distribution [32], and given that an exact solution
exists for the quadratic case [46, 47] (see Supplementary
Information section 6). The position of the Landau lev-
els given by this approximate expression is shown as blue
lines in Fig. 3d (in the range of validity of the solu-
tion [46]). The two fitting parameters are the transverse
and longitudinal curvatures of the density profile, and
the obtained values are consistent with our self-consistent
electrostatic simulations (see Supplementary Information
section 6). This good agreement confirms that the ob-
served Landau levels originate from the constriction. The
discrepancies observed at large positive split-gate volt-
age, where the calculated levels curve more than in the
measurement, could be due to the second-order approx-
imation of the density profile in the constriction, which
is in reality bell-shaped on a larger scale : when the cy-
clotron radius exceeds a few hundred nanometers, as it
does at high density or at low field, the solution for a
infinitely-parabolic saddle potential is not valid anymore,
and the confinement effects tend to decrease [32].
At B = 1 T, the graphene is already in the quantum
Hall regime resulting in plateaus in the longitudinal re-
sistance with a parallelogram shape delimited by lines
of equal filling factors in the bulk graphene (horizontal
lines) and in the constricted region (the new diagonal
lines discussed above), as displayed in Fig. 3e. The hori-
zontal strips of constant bulk filling factor νb and the di-
agonal strips of constant filling factor in the constriction
6νQPC are indexed in Fig. 3e. These parallelogram shape
plateaus thus indicate that electron transmission is con-
trolled by the number of edge channels passing through
the constriction. In the quantum Hall regime, the trans-
mission through the device is due to edge channels pass-
ing through the constriction. Consequently, there is no
feature parallel to the charge neutrality point of the top-
gated area, that would indicate variations of the top-
gated area filling factor νtg. At the magnetic field consid-
ered here, which is too small for broken symmetry state
to develop and to open a gap between electron and holes,
the exact value of the resistance within each plateau re-
sults from current equilibration between co-propagating
edge channels along the pn interfaces [8–10]. In this case,
as shown in Ref. [10], the conduction through the system
is governed by three filling factors : νb, νQPC, and also
νg below the top gates, with different equilibration rules
in the unipolar and bipolar regimes of the top gates. No-
tice that νQPC = 0 occurs below the thick dashed line
in Fig.3e, which represents the charge neutrality point of
the constriction.
We now discuss in more details the transition with
magnetic field between the ballistic conduction below the
top gates and the quantum Hall edge channel conduction
through the constriction. The magnetic field dependence
of the FP oscillations is displayed in Fig. 4a at a back-
gate voltage Vbg = 10 V. Upon increasing B, the oscil-
lations slightly shift towards more negative Vtg and un-
dergo a sudden phase jump at a magnetic field of about
50 mT (and −50 mT). This phase jump is highlighted
in Fig. 4b showing out-of-phase oscillations for line-cuts
below and above the jump (see Fig. 5a and Fig. S7 of
the Supplementary Information for data at other back-
gate voltages). This phase jump, that has been observed
in earlier works using top-gated graphene devices [31–
33, 35, 48, 49], originates from closed orbits in momentum
space. At low field, cyclotron orbits within the top-gated
region do not enclose the origin (see Fig. 4f). Upon in-
creasing magnetic field, trajectories bend further, until
the transverse momentum changes sign, causing the or-
bit in k-space to enclose the Dirac point (see Fig. 4e). At
this particular field, electrons pick up an additional Berry
phase of pi, causing a sudden phase shift of the oscilla-
tion pattern. One can geometrically calculate the critical
field B0 at which this phase jump occurs (see Supplemen-
tary Information section 3). We find B0 = 57mT using
Leff = 380 nm, in good agreement with the experimental
value.
Figure 4c shows the evolution of dRL/dVtg with mag-
netic field over a larger range of field and voltage. The
graph can be divided into unipolar nn’n (right) and bipo-
lar np’n (left) regimes separated by the Dirac point in
the top-gated region at Vtg = −1.5 V. In the bipo-
lar regime, the FP oscillations disappear at a field of
about 0.25 T, and new oscillations appear at higher
field. The vanishing of FP oscillations corresponds to
the field B∗ = ~kF/eLeff at which the cyclotron radius
equals the effective length Leff of the top-gated cavity. At
Vbg = 10 V and Vtg = −3 V, we calculate B∗ ' 0.24 T
using Leff = 380 nm, in excellent agreement with the
data.
Above B∗, the cyclotron radius is smaller than the
cavity length, and the electron trajectories, which are
close to normal incidence due to Klein collimation, do
not reach the opposite side of the cavity. Interference no
longer occurs, resulting in the fading of the oscillations,
similarly to what was already reported in the case of
a single p-n junction [39]. Simultaneously, snake orbits,
formed by half cyclotron orbits of opposite chirality in the
n and p regions, appear along the p-n interface[39, 50, 51].
In our split-gate geometry, the snake orbits follow the
boundary of the upper top-gate, hence guiding the elec-
trons through the constriction (Fig. 4d). In the unipolar
regime, snake trajectories also exist at the n-n’ (or p-
p’) interface, with a different shape, and can also drive
electron trajectories through the constriction (see Sup-
plementary Information section 7). The field B∗ there-
fore marks the onset of electron transport through the
constriction.
Above 0.25 T, a second set of oscillations emerges
(Fig. 4c), which disperse with magnetic field and bend
toward higher positive top-gate voltages. These oscilla-
tions correspond to those observed in Fig. 3c,d, that is, to
the Shubnikov-de-Haas oscillations of the Landau levels
inside the constriction (see Supplementary Information
section 5). Since the charge neutrality in the constriction
is obtained at Vtg = −8 V (for this back-gate voltage),
the N = 0 Landau level is outside the graph on the left
side, and the graph diplays only the right part of the fan
diagram. Interestingly, this fan does not show the usual
straight lines spreading out from the charge neutrality
point, but have instead a finite spacing at zero magnetic
field and a finite curvature. This unusual Landau level
spectrum is the direct consequence of the confinement of
the cyclotron orbits in the saddle potential as explained
previously (see also Supplementary Information section
6).
The guiding of the electron trajectories through the
constriction at finite magnetic field relies on the existence
of snake states at the top-gate pn interface. Signatures of
these snake trajectories are visible in Fig. 4c (red arrows
at the top left) as a set of weak oscillations crossing the
strong SdH oscillations discussed above, and dispersing
in the opposite direction. In the range of voltage and
field where these oscillations are visible, the constriction
is open, but the cyclotron diameter of the snake orbits
is larger than the width of the constriction, such that
the trajectories can either pass through or jump over the
constriction, resulting in conductance oscillations.
To investigate the shape and properties of these os-
cillations, we focus on another set of data taken at a
smaller back-gate voltage that enables us to reach the
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FIG. 5. (a) Derivative of the longitudinal resistance dRL/dVtg versus Vtg and B at Vbg = −3 V. The three sets of oscillations are
indicated by guiding lines: Fabry-Pe´rot oscillations (thin lines), snake states (thick lines) and Shubnikov-de-Haas oscillations
from the constriction (dashed lines). (b) Numerical calculations of the snake-state transmission at the same back-gate voltage
as in (a). (c-g) Schematics of the electron trajectories in the different regimes of the simulation: (c) unipolar p-p’-p regime, (d)
bipolar regime with open constriction and (e) closed constriction. The regime where snake trajectories are unable to reach the
other side of the constriction (f), and the Fabry-Pe´rot regime discussed earlier in the text (g), give no snake-state oscillation.
charge neutrality point in the constriction (at the max-
imum negative top-gate voltage accessible) and explore
density profiles changing from an open constriction to a
continuous barrier. The resistance map at Vbg = −3 V is
presented in Fig. 5a (note the reversed voltage polarity,
corresponding to hole carriers in the bulk regions). We
observe the same features as in Fig. 4c, namely Fabry-
Pe´rot oscillations at low field, Landau levels from the
constriction at high field, and a weak set of snake oscilla-
tions marked by thick black lines, which are very similar
to those reported in single pn junction [39, 50–52]. At
Vtg > 2 V, the constriction is indeed closed and the den-
sity profile is similar to the case of a continuous top gate.
In this situation, the snake trajectories traveling along
the first pn interface can either end on the injector side,
leading zero transmission, or enter into the inner region
of the junction and eventually escape on the collector
side after traveling along the second pn interface, leading
non-zero transmission.
To confirm the snake state origin of the oscillations in
our split-gated device, we performed numerical calcula-
tions in which the end point of the snake trajectory is
calculated[50], in order to determine if the snake trajec-
tory ends on the injector side, or on the collector side,
for instance passing through the constriction (see Sup-
plementary Informations section 7).
The result of the calculations (for the same param-
eters as in Fig. 5a) are presented in Fig. 5b. In the
bipolar p-n-p regime (Vtg > 0.46 V), the snake oscil-
lations have a similar shape as in single p-n junctions,
with a rtgc ∝ √ntg =
√
Ctg Vtg + Cbg Vbg dispersion, as
they are described by the same condition rbgc + rtgc ∝√
nb +
√
ntg = constant (with rbgc and rtgc the cyclotron
radius in the bulk graphene and top-gated region, re-
spectively) [50]. Several regimes can be distinguished,
that correspond to different relative sizes of rbgc and of
the constriction width, and to different polarities in the
constriction with respect to the bulk and top-gated re-
gions (see Fig. 5c-g). In the unipolar regime (see Fig. 5c),
snake oscillations are extremely weak. This could be the
consequence of a strong reduction of the oscillation’s am-
plitude due to their much longer trajectories which are
very sensitive to disorder effects[50]. Increasing Vtg, one
reaches the bipolar regime with an open constriction (see
Fig. 5d). In this regime, snake trajectories are either
transmitted through the constriction or reach the other
top-gated area and leads to transmission at the bottom
edge of the graphene flake. Increasing further Vtg, the
constriction closes (see Fig.5e) and the system becomes
equivalent to a single pnp junction. At high magnetic
field, the cyclotron orbit becomes smaller than the con-
striction size, so that all orbits go through the constric-
tion and the oscillations should disappear (see Fig. 5f).
In the low field regime (yellow area in Fig. 5b), electrons
are transmitted through the top-gated regions (with FP
oscillations) and no snake state appears (see Fig. 5g).
The calculation qualitatively reproduces the snake os-
cillations observed in the bipolar regime in Fig. 5a. Be-
tween Vtg = 0.46 V and Vtg = 2.14 V, the constric-
tion is open, and we experimentally observe oscillations
in this regime, which further confirms our interpreta-
tion in terms of snake states driving electron trajectories
through the constriction. This is also the case in the data
at Vbg = 10 V (Fig. 4c), where small-amplitude oscilla-
tions can be observed when the constriction is open (in
the whole top-gate range). The calculation shows less
oscillations than what is experimentally observed, which
is probably due to the simplicity of our model, which in
particular does not account for the roughness of the top-
gate edges, that could change the incidence angle on the
8second p-n junction and increase the number of oscilla-
tions observed. We also note that disorder should de-
creases the visibility of the snake oscillations [50]. Since
the mean free path of about 1 µm is shorter than the
gate length, disorder effects probably explain the small
visibility of our snake oscillations.
In conclusion, we reported a thorough study of the evo-
lution with magnetic field of an electrostatically-defined
constriction in high-mobility graphene. At low magnetic
field, Fabry-Pe´rot oscillations within the ballistic top-
gated region develop and exhibit at a particular magnetic
field a phase shift due to the graphene Berry phase. At
higher magnetic field, the Shubnikov-de-Haas oscillations
reveal that transport takes place through the constric-
tion. The non-constant Landau level spacing is consistent
with the confinement effect induced by the saddle poten-
tial in the constriction. We identify the magnetic field
B∗ at which the transition between the two regimes oc-
curs, that is, when the cyclotron radius becomes smaller
than the length of the Fabry-Pe´rot cavity. This inter-
pretation is supported by the observation of snake states
features at intermediate magnetic field, confirmed by nu-
merical simulations. Our findings show that signatures
of the split-gate defined saddle potential can emerge at
relatively low magnetic field due to the guiding of the
electrons towards the constriction via snake trajectories.
Our study provides a complete understanding of the func-
tioning of a split-gate-defined constriction in monolayer
graphene from zero magnetic field up to the quantum
Hall regime.
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FIG. S1. (a) Simulation domain of size 2× 2× 1.3 µm3. The split-gate is 300 nm wide, 100 nm thick, and the gap is 200 nm
wide. The SiO2 layer is 280 nm thick. The bottom (top) BN layer is 20 nm (40 nm) thick. The SiO2 and BN dielectric constants
are set to r, SiO2 = 3.9 and r,BN = 4.0. The top surface in vacuum is set at zero voltage. The back-gate voltage is applied
on the bottom surface. The top-gate voltage is applied on all faces of the split-gate volume. The zero-surface-charge boundary
condition is applied on the lateral surfaces of the simulation domain. (b) Self-consistent carrier density in the graphene sheet
for the split-gated geometry, at Vbg = 3 V and Vtg = −2.1 V. The position of the zero-density curve (dashed line) indicates that
the constriction contains the same type of carriers as the bulk at this gate voltages (electrons corresponds to negative density).
The position of the split-gate is represented by the white line. (c) Density in the bulk of the graphene sheet (green dots), below
the top gates far from the constriction (blue dots), and at the saddle-point of the constriction (red dots), for Vbg = 3 V and Vtg
varying from 0 to −5 V. The blue arrow at Vtg = −0.4 V indicates the charge neutrality condition below the top gates and the
red arrow at Vtg = −2.5 V indicates the charge neutrality condition in the constriction. (d,e) Capacitance profiles along the
longitudinal x direction (d) and along the transverse y direction (e) extracted from the self-consistent electrostatic simulations.
These profiles are fitted with parabolas between −50 nm and +50 nm to extract the curvature of the density profile in the two
perpendicular directions (red dashed lines).
SELF-CONSISTENT ELECTROSTATIC SIMULATION OF THE SPLIT-GATED GRAPHENE DEVICE
To complement and support our analysis of the split-gated graphene device, we carried out self-consistent electro-
static simulations of the carrier density in the graphene plane as a function of the back-gate and top-gate voltages.
The geometry of the simulation is represented in Fig. S1a. The dimensions of the split-gate and the thicknesses of the
13
d 
a b 
c 
FIG. S2. (a) Self-consistent electrostatic energy profile E = −eV across the npn junction, for a continuous top gate, at
Vbg = 3 V and Vtg varying from 0 to −5 V. (b) Energy barrier between the bulk and the top-gated regions. The red line is the
theoretical value calculated with the analytical expression for the quantum capacitance in graphene. (c) Cavity length defined
as the distance between the two zeros of density in (b). The cavity length is larger than the gate size due to the close proximity
of the top gate as compared to the back gate. (d) Normalized energy profiles (black curves) identical to those shown in (b) and
analytical function (red curve) modeling the ensemble of energy profiles.
SiO2 and BN layers are close to those of the measured device. The graphene sheet is modeled by a charge density σ
linked to the electrostatic potential V by the relation :
σ = (−e) sign(V ) e
2V 2
pi~2v2F
The mesh grid is computed using Gmsh (http://gmsh.info) and the electrostatic problem is solved self-consistently
using a modified version of MaxFEM (http://www.usc.es/en/proxectos/maxfem), an electromagnetic simulation soft-
ware based on the finite element method.
An example of carrier density distribution within the graphene sheet is shown in Fig. S1b. The densities in the
bulk, below the top gates, and at the saddle-point of the constriction, are plotted in Fig. S1c for a fixed back-gate
voltage and various top-gate voltages. The capacitive couplings of the top gate are quite linear in this range of large
charge densities, and the weak effects of the non-linear screening in graphene are only visible very close to zero charge
density (blue and red arrows). The charge neutrality in the constriction is obtained at Vtg = −2.5 V for Vbg = 3 V,
such that the capacitance between the top gate and the constriction is 1.2 times larger than the back-gate capacitance,
in correct agreement with the experimental value obtained from Fig. 3d of the article.
The local capacitance Ctg(x, y) can be extracted from the density maps using the relation σ(x, y) = −Cbg (Vbg −
V (x, y)) − Ctg(x, y) (Vtg − V (x, y)) which includes the non-linear quantum capacitance of graphene [53] through
the relation between σ(x, y) and V (x, y) given above. The capacitance profiles around the constriction along the
x and y directions are plotted in Fig. S1d,e and fitted with parabolas to extract the curvature coefficients α =
(1/2e)(d2Ctg,0/dy2) and β = −(1/2e)(d2Ctg,0/dx2) used in section 6. Over a spatial extension of 100 nm, the
curvature coefficients are found to be α = 1.5× 1029 m−4V−1 in the y direction and β = 0.6× 1029 m−4V−1 in the x
direction.
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The profile of the potential energy E = −eV across the top-gated region (far from the constriction) is plotted in
Fig. S2a for a fixed back-gate voltage Vbg = 3 V and various top-gate voltages. A subset of potential profiles at
Vtg = −0.2, −0.4, −1, and −2 V are plotted tin Fig. 1c of the article. The barrier height plotted in Fig. S2b increases
non-linearly with the gate voltage as expected in graphene (red line) with a rapid variation around the Dirac point
(dashed line) when switching from the nn’n to the npn configuration. Above the threshold of the bipolar regime (npn),
the cavity length between the two zeros of density increases quickly to the gate size of 300 nm, and then continues to
increase slowly to larger values as shown in Fig. S2c.
For the transport simulations described in the next section, the potential profile needs to be modeled by an analytical
function. We use the exact potential profiles calculated at Vbg = 3 V and Vtg varying between 0 and −5 V (Fig. S2a)
to obtain an averaged profile (Fig. S2d) which is then modeled by the function :
f(x) = 14
(
1 + tanh
(
x+ d/2
w
))(
1 + tanh
(
d/2− x
w
))
This modeled profile is the product of two step functions separated by a distance d = 380 nm with a characteristic
transition half-width w = 60 nm. This value of d is taken as a fixed parameter for all gate voltages during the
transport simulations. Note however that the cavity length Leff is not equal to d, and strongly depends on the gate
voltages as discussed above.
For comparison with the experimental value of the cavity length Leff = 380 nm measured at Vbg = 10 V and
Vtg ≈ −3 V, we computed the potential profile at these gate voltages and obtained a cavity length of 366 nm, in good
agreement with the experimental value. The electric field E = −dV/dx at the pn interface can also be obtained from
this potential profile and we obtain E = 3.3× 106 V/m. This value is used in the article to calculate the collimation
angle θ through the pn interface.
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SIMULATION OF THE CONDUCTANCE THROUGH THE NPN JUNCTION
Numerical simulations of the transmission through the npn junction have been performed to compare with experi-
mental data. For a given incident angle θ on the left pn interface, the transmission T through the npn junction can
be calculated in the WKB approximation [32] at zero magnetic field with the formula :
T (θ) =
∣∣∣∣ t1t21− r1r2 exp(i2φ)
∣∣∣∣2
The coefficient t1 = e−λ with λ =
∫ x1
x′1
(k2y − k2F)1/2dx is the transmission amplitude across the pn interface which
forms a tunneling barrier between the turning points x′1 and x1 (Fig. S3a). The coefficient r1 = (1− e−2λ)1/2 is the
reflection amplitude at the pn interface from the inside of the npn cavity. The quantity φ =
∫ x2
x1
(k2F − k2y)1/2dx is the
phase accumulated in the central region between the turning points x1 and x2. At zero magnetic field, the two pn
interfaces have the same transmission and reflection coefficients t1 = t2 and r1 = r2.
The parallel wave vector ky(θ) = kbulkF sin(θ) is conserved and fixed by the incidence angle θ (Fig. S3b), whereas
the total Fermi wave vector kF(x) = kbulkF + (kbarrierF − kbulkF ) × f(x) is a function of the position x across the npn
junction. The Fermi wave vectors kbulkF and kbarrierF are obtained from the density n within each region by kF =
√
pin.
The function f(x), that characterizes both the energy profile EF(x) and the wave vector profile kF(x) = EF(x)/~vF,
is modeled by the product of two step functions separated by a fixed distance d = 380 nm with a characteristic
transition half-width w = 60 nm (see details in the previous section).
The angular dependence of the transmission T (θ) shows a series of resonant peaks corresponding to constructive
interference (red curve in Fig. S3c). The presence of a tunneling barrier at the pn interface is responsible for the Klein
collimation effect with a small range of incident angles being transmitted (blue curve). The resonant peak around
θ = 13 deg corresponds to half transmission of the pn interface and gives the main contribution to the conductance
oscillations.
The conductance G of the npn junction is obtained by averaging the angular dependence of the transmission
b 
c 
a 
FIG. S3. (a) Schematics of the npn junction, with a Fermi wave vector in the n region determined by the back-gate only, and a
Fermi wave vector in the p region determined by both the back-gate and the top-gate. (b) Due to conservation of the parallel
wave vector ky, an electron arriving at the Fermi level with incident angle θ has to cross a tunneling barrier at the pn interface
(region in gray). The classical turning points x′1 and x1 (resp. x2 and x′2) for the first (second) pn interfaces are obtained as the
intersections of the potential profile kF(x) with the constant ±ky horizontal lines. (c) Angular dependence of the transmission
T (θ) calculated for Vbg = 3 V, Vtg = −1 V, and the potential profile described in the text (red line). The red dashed lines
indicated the envelope of the interference peaks (φ ≡ 0 and pi). The blue line is the transmission |t1|2 of a single pn interface
showing the Klein collimation effect.
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according to the formula :
G = 4e
2
h
WkbulkF
pi
∫ pi/2
−pi/2
T (θ) dθ
pi
where W is the width of the sample. The choice of a uniform averaging over the incident angle θ is justified by the fact
that all angles are almost equiprobable for our sample geometry (see Fig. 1a in the article), as opposed to experiments
on nanoribbons with transverse quantization of the incident wave vector.
The conductance oscillations calculated as a function of the top-gate and back-gate voltages are shown in Fig. 2d
of the article. They reproduce correctly the experimental pattern of resistance oscillations in Fig. 2c. Interestingly,
the curvature of the interference fringes at low back-gate voltage corresponds to a significant increase of the cavity
length, which results from a weaker screening of the top-gate voltage by the low carrier density in the bulk region.
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MAGNETIC FIELD B0 OF THE BERRY PHASE SHIFT
In the main text, we show that Fabry-Perot oscillations undergo a phase shift at a field B0. The field at which Farby-
Perot oscillations undergo a phase shift due to the geometrical Berry phase can be calculated as B0 ' ~kFθ/eLeff,
where ~ and e are the reduced Planck constant and electron charge respectively, kF is the Fermi wave-vector in the
central region and θ is the typical incidence angle of the trajectories contributing the most effectively to the FP
interference [31, 35]. The typical incidence angle on the barrier emerges from the strong angular dependence of the
tunneling transmission through a smooth pn junction (Klein collimation) [42]. It can be calculated as the angle for
which the transmission is 1/2, giving θ =
√
ln(2)eE/pi~vFk2F where E is the electric field at the pn junction. Self-
consistent simulations for Vbg = 10 V and Vtg = −3 V (n = p = 6.2× 1011 cm−2) give the value E = 3.3× 106 V/m
(see Section 1 of this Supplementary Information), which results in θ = 13◦ and B0 = 0.057 T using Leff = 380 nm.
The good agreement with the experimental value of B0 confirms the Berry phase origin of the observed phase shift.
This expression of B0 is valid for an angular transmission dominated by small angles, which is the case in our device
(see Section 2 of this Supplementary Information). The small value of θ justifies the linearized formula for B0.
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LANDAU LEVEL FAN DIAGRAM IN THE HOMOGENEOUS GRAPHENE REGIONS
Although deviations from a linear Fan diagram are observed for the Landau levels from the constriction, a standard
Fan diagram is expected for the homogeneous graphene. In Fig. S4, we present a Fan diagram where the four-probe
resistance is measured with the two voltage probes located on the same side of the device (to avoid a possibly non-
uniform density below the top gates). The Fan diagram is linear, as expected in the absence of a confining/deconfining
potential.
FIG. S4. Magnetoresistance versus back-gate voltage at low magnetic field (at T = 4.2 K), measured in the homogeneous part
of the device. The black lines are guide for the eye showing the linear dispersion of the bulk Landau levels.
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CORRESPONDENCE BETWEEN LANDAU LEVELS IN (Vtg, Vbg) AND (Vtg, B) MAPS
Figure S5 shows the comparison between the (Vtg, Vbg) map of dRL/dVtg at B = 600 mT, and the (Vtg, B) map
at Vbg = 10 V (respectively from Fig. 3 and Fig. 4 of the main text). The black line in both figures correspond to
the same gates and field condition. The dashed black lines identify the SdH oscillations from the constriction in both
panels. In Fig. S5b, these oscillations correspond the right part of a fan diagram (they all disperse to more positive
Vtg with increasing B), as expected since the carrier polarity in the constriction does not change over the top-gate
voltage range, at this back-gate voltage. The deviations from a linear fan diagram result from the confinement in the
saddle potential of the constriction.
FIG. S5. (a) Derivative of the longitudinal resistance dRL/dVtg versus Vbg and Vtg at B = 600 mT. (b) Derivative of the
longitudinal resistance dRL/dVtg as a function of the magnetic field B and Vtg, at Vbg = 10 V. In both panels, the black line
corresponds to the same conditions Vbg = 10 V and B = 600 mT. The Shubnikov-de-Haas oscillations from the constricted
area are located by the dotted lines. The blue lines are guide for the eye locating the minima of the oscillations.
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LANDAU LEVEL SPECTRUM IN A SADDLE-POINT POTENTIAL
In Fig. 3d of the article (recorded at B = 1 T), the spacing between the Landau levels is constant versus back-
gate voltage, but this spacing changes when varying the top-gate voltage. This dependence on top-gate voltage is
evidenced in Fig. S6a (same data as in Fig. 3d) where the red lines, passing through each Landau level at Vtg = 0
and parallel to the N = 0 Landau level, do not follow the experimental Landau level position (black/white lines for
negative/positive top-gate voltage). This deviation from a constant Landau level spacing results from the non-uniform
potential landscape in the constriction, where the combined actions of the back gate and the top gate create a saddle
potential. In the following, we present theoretical models that take into account this particular potential landscape
in the calculation of the Landau level spectrum. The good agreement between the observed Landau level spacing and
our theoretical models provides another evidence that the current flows through the constriction above B∗.
The theoretical expression for Landau levels in a saddle potential has been calculated for semiconductor 2DEGs
with a quadratic dispersion relation [46, 47], but not for graphene, since there is no analytical solution in case of a
linear dispersion relation, except in the high magnetic field limit [45]. In the following, we first consider a potential
which is non-uniform in the transverse (y) direction only, and then a saddle potential with opposite curvatures in the
transverse (y) and longitudinal (x) directions.
Landau levels in a one-dimensional parabolic potential
The first situation is modeled by a region with a non-uniform electron density n(y) = n0 − ay2 in the transverse
direction, placed in a uniform perpendicular magnetic field B. By choosing a gauge such that ~A = −By~ux, the
system is invariant along the x-axis and the momentum px is conserved. For the non-uniform density considered here,
trajectories with non-zero px are drifting along the x-axis, whereas trajectories with px = 0 form closed cyclotron orbits.
Following the approach given in Ref. [32], the semi-classical Bohr-Sommerfeld quantization condition
∮
py dy = N2pi~,
for a closed orbit with quantum number N (no 1/2 zero-point energy term in graphene), then writes :∫ y2
y1
√
(~kF )2 − (eBy)2 dy = Npi~ (1)
where y1 and y2 are the classical turning points that cancel the term in the integral, and kF (y) =
√
pin(y) is the
non-uniform Fermi wave vector. For the parabolic density profile considered here, this equation gives equidistant
levels as a function of the density n0 :
n0,N = N
√
(4eB/h)2 + 4a/pi (2)
In this expression, the term 4eB/h = gB/φ0 is the electron density per Landau level in a uniform graphene sheet,
with the factor g = 4 corresponding to the four-fold spin and valley degeneracies in graphene. The second term 4a/pi
gives the modification of the level spacing due to the parabolic density profile governed by the curvature parameter
a. This expression holds both for a confinement potential with a > 0 and for a barrier potential with a < 0, up to
the critical situation a = −(pi/4)(4eB/h)2 called “Landau level collapse” where the level spacing drops to zero [32].
We now compare the position of the Landau levels given by this expression with the experimental data (Fig. S6b).
Neglecting the weak non-linear quantum capacitance effects for the large densities considered here, the local elec-
tron density is simply proportional to the gate voltages and given by the local capacitance. At the center of the
constriction, the density is then given by n0 = (1/e)(CbgVbg + Ctg,0Vtg) and the curvature parameter is given by
a = −(1/2e)(d2Ctg,0/dy2)Vtg = −αVtg (the minus sign is only valid for positive Vbg). In the left part of the map
where Vtg < 0, and above the line with zero-density in the constriction, the curvature is positive (a > 0) and corre-
sponds to an enhanced confinement of the cyclotron orbits (larger Landau level spacing). In the right part of the map
where Vtg > 0, the curvature is negative (a < 0) and corresponds to a deconfinement of the cyclotron orbits (smaller
Landau level spacing). On the vertical line of the map at Vtg = 0, the density is uniform (a = 0) and the Landau level
spacing is unperturbed with n0,N = N(4eB/h). We use this situation to finely tune the value Cbg of the back-gate
capacitance such as to reproduce the observed Landau level spacing. Assuming electron-hole symmetry, the N = 0
Landau level should also remain unperturbed, and we use this situation to finely tune the value Ctg,0 of the top-gate
capacitance in the middle of the constriction.
By fitting the Landau level pattern with this expression in the left part of the map (Fig. S6b, for Vtg < 0), one gets
a curvature coefficient α = 1.5 × 1029 m−4V−1, in good agreement with the self-consistent electrostatic simulations
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of the split-gated device, giving the same value for the transverse density profile fitted over a spatial range of 100 nm
around the saddle point (see Section 1 and Fig. S1e). The simulated density profile is not strictly parabolic over the
large spatial extension of a cyclotron orbit whose diameter dc = 2lB
√
2N (for graphene) is several times the magnetic
length lB (26 nm at 1 T). This cyclotron diameter is about 100 nm for the level index N = 2 and reaches 200 nm for
N = 8 in the top part of the map. The influence of this non-parabolicity of the density profile is beyond the model
presented here and would require a detailed theoretical study.
Landau levels in a saddle potential
In the right part of the map (Fig. S6b, for Vtg > 0), this model with a non-uniform density in only one direction
predicts a collapse of the Landau level spacing which is not observed in the experiment. The reason is the presence
of a saddle potential in the constriction, with a weak confinement potential in the longitudinal direction, which
restores a finite level spacing when this one would have been collapsed by the large deconfinement potential in the
transverse direction for positive Vtg (and positive Vbg). Physically, the Landau level collapse corresponds to an
opening of the cyclotron trajectory, and even a weak confinement potential in the perpendicular direction is enough
to restore a closed trajectory. This effect is explained in Fig. S6d-g showing the classical cyclotron orbits obtained
for parabolic potentials and saddle potentials in semiconductor 2DEGs where the theoretical equations can be solved
x² =  0 
y² = + 0.5 c² 
x² = - 0.2 c² 
y² = + 0.5 c² 
x² = + 0.2 c² 
y² = - 0.5 c² 
x² =  0 
y² = - 0.5 c² 
d f e g 
b a c n(x,y) = n0 – ay² n(x,y) = n0 – ay² + bx² n(x,y) = n0 
FIG. S6. (a-c) Same data as in Fig. 3d at 1 T (greyscale plot) compared to the expected Landau level spectrum in the
constriction (red lines) for a uniform density (a), a parabolic density (b), and a saddle density (c). The density contains a
uniform part controlled by the back-gate voltage Vbg and a non-uniform part controlled by the split-gate voltage Vtg. The
Landau level spacing is constant in (a), changes with top-gate voltage in (b) and (c), and shows a collapse in (b) for large
deconfinement potentials. The red numbers indicate the Landau level index N . The red lines in (c) are the same as those
plotted in Fig. 3d. The validity of the theoretical expression used in (c) is limited to split-gate voltages below 4 V. (d-g)
Cyclotron orbits (red lines) in parabolic potentials (d,e) and saddle potentials (f,g) for semiconductor 2DEGs with Hamiltonian
H = 12m (px−eBy/2)2 + 12m (py +eBx/2)2 + 12mω2xx2 + 12mω2yy2. The curvature coefficients ω2x and ω2y are expressed in terms of
the cyclotron angular frequency ωc = eB/m, and they can be positive or negative, for confinement or deconfinement potentials,
respectively. The spatial coordinates are in units of the cyclotron radius rc =
√
2mE/eB, which is the radius of the circular
orbit obtained in the uniform case (orange circles).
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analytically. Confinement potentials (d) reduce the orbit length and therefore increase the Landau level spacing (b,
left). Deconfinement potentials (e) increase the orbit length and therefore decrease the Landau level spacing (b, right).
When the closed cyclotron orbits breaks into open trajectories, the Landau level spectrum collapses (b, extreme right).
For saddle potentials with large confinement (f), the small perpendicular deconfinement plays a little role, because
the orbit is narrow in the deconfining direction (lines in b and c are similar on the left side). In contrast, for saddle
potentials with large deconfinement (g), the small perpendicular confinement plays an important role, because the
orbit is wide in the confining direction (lines in b and c are very different on the right side). In this last situation, the
orbit length (g) is strongly reduced as compared to (e), and is similar to the orbit length of the uniform case (orange
circle), restoring the initial Landau level spacing.
For a parabolic saddle potential, the Landau level quantization cannot be solved analytically in graphene where
the dispersion relation is linear. For this reason, we use the exact result obtained for a quadratic dispersion relation
[46, 47], and we modify it to obtain an approximate expression for graphene. As pointed out in Ref. [32], the semi-
classical quantization condition takes the same form for particles with linear and quadratic dispersion relations having
the same spatial distribution of density (but obviously not the same distribution of potential). The only differences
are the degeneracy term g = 4 or 2, and the zero-point energy term γ = 0 or 1/2, for mass-less and massive carriers,
respectively. Using this analogy and the relation n(x, y) = (gm∗/2pi~2) × (EF − U(x, y)) for semiconductor 2DEGs,
we convert the existing analytical expression for the energy spectrum E0,N into a density spectrum n0,N (the 0 index
refers to the saddle point values), and then put the graphene values of g and γ to obtain the approximate density
spectrum in a graphene constriction with density n(x, y) = n0 − ay2 + bx2 :
n0,N = N
√√√√√
√(
(4eB/h)2 + 4a/pi − 4b/pi
)2
+ 64ab/pi2 +
(
(4eB/h)2 + 4a/pi − 4b/pi
)
2 (3)
For b = 0, this expression recovers the exact semi-classical result obtained above for the graphene linear dispersion
relation, showing the relevance of using the analogy between graphene and semiconductor 2DEGs with the same
density profile.
In the classical capacitance model introduced before, the curvature parameters in the transverse and longitudinal
directions can be written as a = −αVtg and b = −βVtg, respectively, with positive α and β coefficients (for Vbg > 0).
By fitting the Landau level pattern in both parts of the map with this expression (Fig. S6c), one gets curvature
coefficients α = 1.5× 1029 m−4V−1 and β = 0.6× 1029 m−4V−1. This β value corresponds exactly to the longitudinal
curvature of the density profile obtained by self-consistent electrostatic simulations (see Section 1 and Fig. S1d), and
the α value corresponds to the transverse curvature fitted over a spatial range of 100 nm (the density is not strictly
parabolic in this direction) corresponding to the cyclotron diameter at N = 2. This good agreement gives confidence
in the validity of our interpretation in terms of simultaneous confinement and deconfinement effects around a saddle
point. The above expression is however an approximation for graphene, obtained by analogy with semiconductor
2DEGs, and is a priori not the exact expression. Interestingly, the same quality of fit and the same coefficients α and
β are obtained when fitting the Landau level pattern with the second-order Taylor expansion of the above expression
with respect to the curvatures a and b (with a linear and a quadratic terms), meaning that this expression and an
hypothetical exact solution for graphene would not differ before the third order terms.
Finally, we note that the exact quantum solution found in Ref. [46] for semiconductor 2DEGs assumes that their
quantity Ω is positive, corresponding here to (4eB/h) + 2(4a/pi − 4b/pi) > 0. In the case of a large deconfinement
potential, the negative term can dominate over the positive sum of the cyclotron and confinement terms, and the
exact solution cannot be applied anymore. Using the above values of α and β, this limit occurs at Vtg = 4 V for
B = 1 T, and it has been taken into account in Fig. 3d by interrupting the lines marking the calculated Landau levels
position. This limit has also been taken into account in Fig. S7 below.
Landau level fan diagram in a saddle potential
In a uniform potential, the evolution of the Landau level spectrum versus magnetic field and carrier density draw
a linear fan diagram, both for graphene and semiconductor 2DEGs. Here, the fan diagram in the constriction is not
linear, but instead shows a set of curved lines due to the confinement potential in the constriction. In Fig. S7, we show
the comparison between the experimental derivative of the resistance, and the fitted Landau levels in the constriction,
marked by black lines, at different back-gate voltages. We find an excellent agreement, which shows the robustness
of our interpretation. The best fit leads to the same value for β as found above at B = 1 T (Fig. 3d and Fig. S6c),
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and a slightly larger value α = 1.8× 1029 m−4V−1, corresponding to a smaller curvature. This reflects the fact that
the potential curvature must be considered over a larger range than 100 nm (as done at 1 T), owing to the larger
cyclotron orbits at the lower fields considered here (see Fig. S1e).
V
bg
 = 10V
V
bg
 = 1.5V
V
bg
 = -3V
a
b
c
FIG. S7. Derivative of the longitudinal resistance dRL/dVtg versus Vtg and B at (a) Vbg = 10 V, (b) Vbg = 1.5 V, and (c)
Vbg = −3 V. The calculated Landau levels in the constriction are shown by black lines. The Landau levels are only represented
above the critical field B∗ (250 mT) which marks the onset of the conduction through the constriction. In the unipolar regime,
at high top-gate voltage, the approximate expression (Eq. (3)) is not valid (see text) and has therefore not been plotted.
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SNAKE TRAJECTORIES IN A SPLIT-GATED DEVICE
Snake trajectories in the unipolar regime
When increasing the magnetic field above B∗, the FP oscillations disappear and are replaced by resistance oscilla-
tions due to snake orbits. In this regime, the cyclotron orbits drift along the edges of the split-gate electrodes, and
the electrons are guided towards the constriction.
In the bipolar regime, the snake trajectories are made of half-circular orbits with opposite chirality in the n- and
p-doped regions (Fig. S8b), while in the unipolar regime, the two half-circular orbits have the same chirality but
different cyclotron radii (Fig. S8c). Both shapes of trajectories drive the electrons through the constriction, so that
the feature of the Landau levels of the constricted region are still visible in the unipolar regime.
The snake trajectories of the unipolar regime appear for a cyclotron radius rc < Leff. This happens for densities
in the top-gated region ntg such that ntg < 1pi
(
Leff eB
~
)2 = 3.8× 1012cm−2 at B = 600 mT. This is the case over the
whole gate range presented in Fig. 3c of the main text, and plotted in Fig. S8a versus the densities in the bulk and
top-gated regions.
We observed no signature of snake states in the unipolar regime. As stressed in the main text, we attribute this to
disorder effects. The length of the snake trajectories is much longer in the unipolar case (Fig. S8b-c), so that these
trajectories are more sensitive to disorder effects, which are known to reduce the visibility of the oscillations [50].
Simulation of the transmission of snake states
To simulate qualitatively the transmission in presence of snake trajectories, we build a model based on geometrical
considerations, as done in [50]. We consider a single starting point for the snake state, and calculate the final position
of the trajectory for a given set of gate voltages. We discuss here only the bipolar regime, the unipolar regime being
discussed in the previous section. We consider a snake state starting in the upper left corner, and crossing the first
p-n interface at normal incidence, as depicted in Fig. S9a.
For a closed constriction, the distance to reach the lower edge of the device is L = 2La + 2Leff cos(ϕ), with La
the length of the straight part of the p-n interface, Leff the effective width of the gated area, and ϕ the angle of the
gate apex (see Fig. S9b). For L0 = N(2rbgc + 2rtgc ) + rbgc , with N is the integer part of L/(2rbgc + 2rtgc ), the end of the
snake is on the injector side if L < L0, leading to T = 0, or on the top-gate side if L > L0. In this last case, skipping
orbits follow the graphene edge below the top gate, until the snake reaches the second p-n interface. Depending on
the incidence angle θ on the second p-n interface (see Fig. S9b), the transmission of the snake is taken as t(θ)N , with
a b c
FIG. S8. (a) Derivative of the longitudinal resistance dRL/dVtg versus ntg and nB (the carrier densities of the top-gated region
and of the bulk graphene, respectively) at B = 600 mT. The white and black dots refers to the schematics (b) and (c) of the
snake states in the bipolar and unipolar regimes of the upper top-gated region.
25
N crossings
of p-n interface
 
 
θ
La
Leff
  
  φ
LQPC
Case 2
Case 1
Case 3
ba
θ
FIG. S9. Schematic of the geometrical model adopted for the simulation of snake states. (a) Case of a closed constriction. In
our device and simulations, La = 1.6 µm, Leff = 380 nm, and ϕ = 15o. The enlarged figure illustrates the incidence angle θ
of the snake trajectory on the second p-n interface. (b) Case of an open constriction. In our simulation, LQPC = 200 nm. The
three depicted trajectories correspond to those discussed in the text.
N the number of transmission through the second p-n interface and t(θ) the angular transmission through the p-n
junction. To simplify the calculation, we use t = cos2(θ). N being large (typically 10 to 20), only nearly normal
incidence through the second p-n interface will result in non-zero transmission of the snake state.
For an open constriction, we assume that the constriction length LQPC varies linearly with Vtg between 200 nm at
the charge neutrality point below the top-gates (open constriction) and 0 nm at the charge neutrality point in the
constriction (closed constriction), which reproduces qualitatively the effect of the change in the constriction size. We
distinguish three different situations for the end point of the snake in the upper top-gated region, before reaching
the constriction. We note L′ = La + Leff cos(ϕ), L1 = N(2rbgc + 2rtgc ) + rbgc + 2rtgc where N is the integer part of
L′/(2rbgc + 2rtgc ), and l = L′ − L1. If the two conditions (1) L1 < L′ and (2) 2rbgc > LQCP + 2l cos(ϕ) are fulfilled,
the snake exits the top-gate when approaching the constriction, reaches the opposite side of the constriction, and
continues along the p-n interface of the lower top-gate (case 1 in Fig. S9b). In this case, the transmission is calculated
as in the closed constriction case. Otherwise, if condition (1) is not fulfilled, the snake enters below the top-gate when
approaching the constriction and is transmitted through the constriction with T = 1 (case 2 in Fig. S9b). Finally, if
condition (1) is fulfilled, but not condition (2), the snake cannot reach the opposite side of the constriction (case 3 in
Fig. S9b) and is transmitted through the constriction with T = 1.
Snake-states oscillations in the biplar regime
Additionally to the analysis presented in the main text at Vbg = −3 V (Fig. 5), we present in Fig. S10a and b, the
dependence of dRL/dVtg versus Vtg and B, and the corresponding simulations of snake oscillations, at Vbg = 1.5 V.
We observe the same features as in Fig. 2c, namely Fabry-Pe´rot oscillations at low field, and Landau levels from the
constriction at high field. Additionally, another set of oscillations appear in the bipolar regime, above B∗. Those
oscillations are very similar to the snake oscillations reported in single p-n junctions[39, 50–52]. The result of the
calculations at Vbg = 1.5 V are presented in Fig. S10b (see details about the modelisation above). The calculations
show oscillations with a similar shape as in single p-n junctions, and qualitatively reproduce the additional set of
oscillations observed at Vbg = 1.5 V. The schematics in Fig. S10c-f represents the different regimes of the simulations,
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FIG. S10. (a) Derivative of the longitudinal resistance dRL/dVtg versus Vtg and B at Vbg = 1.5 V. The three sets of oscillations
are indicated by guiding lines: Fabry-Pe´rot oscillations (thin lines), snake states (thick lines) and Shubnikov-de-Haas oscillations
from the constricted region (dashed lines). (b) Numerical calculations of the transmission of the snake states versus Vtg and
B at Vbg = 1.5 V. (c-f) Schematics of the junction in the different zones of the simulation: unipolar n-n’-n regime (c), bipolar
regime with open constriction (d) and closed constriction (e). (f) Fabry-Pe´rot regime discussed in the main text.
similarly to those of Fig. 5 from the main text.
The vertical lines between the open and closed constriction regimes (at Vtg ∼ −1 V) are an effect of the constriction
closure. At lower gate voltage, the corresponding snake trajectories goes through the constriction, with transmission
1. At higher gate voltage, the constriction is closed, and the transmission is calculated as for a continuous n-p-n
junction. This does not take into account the fact that, although closed, the constriction is at first narrow, so that
the snake trajectory could nevertheless go straight to the other side as in the open constriction case with rbgc < LQPC .
A tight binding model would be necessary to remove this apparent discontinuity. Still, the visibility of the snake
oscillations is experimentally too low to resolve the crossing between the open and closed constriction cases, so that
our model reproduces the general shape of the experimental data.
A more detailed modelisation could be obtained by including the potential barrier, which would give the exact
angular transmission of the p-n junction. It could also be improved by adding disorder. However our toy model is
enough to show that the oscillations occurring in the bipolar regime in Fig. S10a and b are consistent with snake
states oscillations.
[1] C. Beenakker and H. van Houten, “Quantum transport in semiconductor nanostructures,” in Semiconductor Heterostruc-
tures and Nanostructures (H. Ehrenreich and D. Turnbull, eds.), vol. 44 of Solid State Physics, pp. 1 – 228, Academic
Press, 1991.
[2] D. A. Wharam, T. J. Thornton, R. Newbury, M. Pepper, H. Ahmed, J. E. F. Frost, D. G. Hasko, D. C. Peacock, A. D.
Ritchie, and G. A. C. Jones, “One-dimensional transport and the quantisation of the ballistic resistance,” J. Phys. C,
vol. 21, no. 8, pp. L209–L214, 1988.
[3] B. J. van Wees, H. van Houten, C. W. J. Beenakker, J. G. Williamson, L. P. Kouwenhoven, D. van der Marel, and C. T.
Foxon, “Quantized conductance of point contacts in a two-dimensional electron gas,” Phys. Rev. Lett., vol. 60, pp. 848–850,
Feb 1988.
[4] B. J. van Wees, E. M. M. Willems, C. J. P. M. Harmans, C. W. J. Beenakker, H. van Houten, J. G. Williamson, C. T.
Foxon, and J. J. Harris, “Anomalous integer quantum hall effect in the ballistic regime with quantum point contacts,”
Phys. Rev. Lett., vol. 62, pp. 1181–1184, Mar 1989.
[5] L. P. Kouwenhoven, B. J. van Wees, N. C. van der Vaart, C. J. P. M. Harmans, C. E. Timmering, and C. T. Foxon,
“Selective population and detection of edge channels in the fractional quantum hall regime,” Phys. Rev. Lett., vol. 64,
pp. 685–688, Feb 1990.
[6] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov, and A. K. Geim, “The electronic properties of graphene,”
Rev. Mod. Phys., vol. 81, pp. 109–162, Jan 2009.
[7] B. Huard, J. A. Sulpizio, N. Stander, K. Todd, B. Yang, and D. Goldhaber-Gordon, “Transport measurements across a
tunable potential barrier in graphene,” Phys. Rev. Lett., vol. 98, p. 236803, Jun 2007.
[8] S. Nakaharai, J. R. Williams, and C. M. Marcus, “Gate-defined graphene quantum point contact in the quantum hall
regime,” Phys. Rev. Lett., vol. 107, p. 036602, Jul 2011.
[9] S. Xiang, A. Mren´ca-Kolasin´ska, V. Miseikis, S. Guiducci, K. Kolasin´ski, C. Coletti, B. Szafran, F. Beltram, S. Roddaro,
27
and S. Heun, “Interedge backscattering in buried split-gate-defined graphene quantum point contacts,” Phys. Rev. B,
vol. 94, p. 155446, 2016.
[10] K. Zimmermann, A. Jordan, F. Gay, K. Watanabe, T. Taniguchi, Z. Han, V. Bouchiat, H. Sellier, and B. Sacepe, “Tun-
able transmission of quantum hall edge channels with full degeneracy lifting in split-gated graphene devices,” Nature
Communication, vol. 8, p. 14983, Apr. 2017.
[11] N. Tombros, A. Veligura, J. Junesch, M. Guimaraes, I. Vera-Marun, H. Jonkman, and B. van Wees, “Quantized conductance
of a suspended graphene nanoconstriction,” Nature Physics, vol. 7, no. 9, pp. 697–700, 2011.
[12] B. Terre´s, L. A. Chizhova, F. Libisch, J. Peiro, D. Jo¨rger, S. Engels, A. Girschik, K. Watanabe, T. Taniguchi, S. V. Rotkin,
J. Burgdo¨rfer, and C. Stampfer, “Size quantization of dirac fermions in graphene constrictions,” Nature Communication,
vol. 7, p. 11528, 2016.
[13] M. Kim, J.-H. Choi, S.-H. Lee, K. Watanabe, T. Taniguchi, S.-H. Jhi, and H.-J. Lee, “Valley-symmetry-preserved transport
in ballistic graphene with gate-defined carrier guiding,” Nature Physics, vol. 12, pp. 1022–1026, Nov. 2016.
[14] J. Li, H. Wen, K. Watanabe, T. Taniguchi, and J. Zhu, “Gate-controlled transmission of quantum hall edge states in
bilayer graphene,” Phys. Rev. Lett., vol. 120, p. 057701, Jan 2018.
[15] H. Overweg, H. Eggimann, X. Chen, S. Slizovskiy, M. Eich, R. Pisoni, Y. Lee, P. Rickhaus, K. Watanabe, T. Taniguchi,
V. Fal’ko, T. Ihn, and K. Ensslin, “Electrostatically induced quantum point contacts in bilayer graphene,” Nano Letters,
vol. 18, no. 1, pp. 553–559, 2018.
[16] M. Eich, R. Pisoni, A. Pally, H. Overweg, A. Kurzmann, Y. Lee, P. Rickhaus, K. Watanabe, T. Taniguchi, K. Ensslin, and
T. Ihn, “Coupled quantum dots in bilayer graphene,” Nano Letters, vol. 18, no. 8, pp. 5042–5048, 2018.
[17] M. Eich, R. Pisoni, H. Overweg, A. Kurzmann, Y. Lee, P. Rickhaus, T. Ihn, K. Ensslin, F. Herman, M. Sigrist, K. Watanabe,
and T. Taniguchi, “Spin and valley states in gate-defined bilayer graphene quantum dots,” Phys. Rev. X, vol. 8, p. 031023,
Jul 2018.
[18] H. Overweg, P. Rickhaus, M. Eich, Y. Lee, R. Pisoni, K. Watanabe, T. Taniguchi, T. Ihn, and K. Ensslin, “Edge channel
confinement in a bilayer graphene n-p-n quantum dot,” New Journal of Physics, vol. 20, no. 1, p. 013013, 2018.
[19] H. Overweg, A. Knothe, T. Fabian, L. Linhart, P. Rickhaus, L. Wernli, K. Watanabe, T. Taniguchi, D. Sa´nchez,
J. Burgdo¨rfer, F. Libisch, V. I. Fal’ko, K. Ensslin, and T. Ihn, “Topologically non-trivial valley states in bilayer graphene
quantum point contacts,” arXiv:1809.01920., 2018.
[20] X. Du, I. Skachko, F. Duerr, A. Luican, and A. Y. Andrei, “Fractional quantum hall effect and insulating phase of dirac
electrons in graphene,” Nature, vol. 462, pp. 192–195, 2009.
[21] K. Bolotin, F. Ghahari, M. D. Shulman, H. L. Stormer, and P. Kim, “Observation of the fractional quantum hall effect in
graphene,” Nature, vol. 462, pp. 196–199, 2009.
[22] C. Dean, A. Young, P. Cadden-Zimansky, L. Wang, H. Ren, K. Watanabe, T. Taniguchi, P. Kim, J. Hone, and K. Shepard,
“Multicomponent fractional quantum hall effect in graphene,” Nature Physics, vol. 7, no. 9, p. 693, 2011.
[23] F. Amet, A. J. Bestwick, J. R. Williams, L. Balicas, K. Watanabe, T. Taniguchi, and D. Goldhaber-Gordon, “Composite
fermions and broken symmetries in graphene,” Nature Communication, vol. 6, p. 5838, 2014.
[24] A. A. Zibrov, E. M. Spanton, H. Zhou, C. Kometter, T. Taniguchi, K. Watanabe, and A. F. Young, “Even denominator
fractional quantum hall states at an isospin transition in monolayer graphene,” arXiv:1712.01968., 2017.
[25] B. J. van Wees, L. P. Kouwenhoven, C. J. P. M. Harmans, J. G. Williamson, C. E. Timmering, M. E. I. Broekaart, C. T.
Foxon, and J. J. Harris, “Observation of zero-dimensional states in a one-dimensional electron interferometer,” Phys. Rev.
Lett., vol. 62, pp. 2523–2526, May 1989.
[26] Y. Ji, Y. Chung, D. Sprinzak, M. Heiblum, D. Mahalu, and H. Shtrikman, “An electronic mach-zehnder interferometer,”
Nature, vol. 422, p. 415, 2003.
[27] C. Altimiras, H. Le Sueur, U. Gennser, A. Cavanna, D. Mailly, and F. Pierre, “Non-equilibrium edge-channel spectroscopy
in the integer quantum hall regime,” Nature Physics, vol. 6, no. 1, p. 34, 2010.
[28] L. Saminadayar, D. Glattli, Y. Jin, and B. Etienne, “Observation of the e/3 fractionally charged laughlin quasiparticle,”
Physical Review Letters, vol. 79, no. 13, p. 2526, 1997.
[29] R. De-Picciotto, M. Reznikov, M. Heiblum, V. Umansky, G. Bunin, and D. Mahalu, “Direct observation of a fractional
charge,” Nature, vol. 389, no. 6647, p. 162, 1997.
[30] E. Bocquillon, V. Freulon, F. Parmentier, J.-M. Berroir, B. Placais, C. Wahl, J. Rech, T. Jonckheere, T. Martin, C. Grenier,
D. Ferraro, P. Degiovanni, and G. Fe`ve, “Electron quantum optics in ballistic chiral conductors,” Annalen der Physik,
vol. 526, no. 1-2, pp. 1–30, 2014.
[31] A. F. Young and P. Kim, “Quantum interference and klein tunnelling in graphene heterojunctions,” Nature Physics, vol. 5,
pp. 222–226, Mar. 2009.
[32] N. Gu, M. Rudner, A. Young, P. Kim, and L. Levitov, “Collapse of landau levels in gated graphene structures,” Phys. Rev.
Lett., vol. 106, p. 066601, Feb 2011.
[33] S.-G. Nam, D.-K. Ki, J. W. Park, Y. Kim, J. S. Kim, and H.-J. Lee, “Ballistic transport of graphene pnp junctions with
embedded local gates,” Nanotechnology, vol. 22, no. 41, p. 415203, 2011.
[34] L. Campos, A. Young, K. Surakitbovorn, K. Watanabe, T. Taniguchi, and P. Jarillo-Herrero, “Quantum and classical
confinement of resonant states in a trilayer graphene fabry-pe´rot interferometer,” Nature Communication, vol. 3, p. 1239,
Dec. 2012.
[35] A. L. Grushina, D.-K. Ki, and A. F. Morpurgo, “A ballistic pn junction in suspended graphene with split bottom gates,”
Applied Physics Letters, vol. 102, no. 22, 2013.
[36] P. Rickhaus, R. Maurand, M.-H. Liu, M. Weiss, K. Richter, and C. Schoenenberger, “Ballistic interferences in suspended
graphene,” Nature Communication, vol. 4, p. 2342, Aug. 2013.
28
[37] M. Ben Shalom, M. J. Zhu, V. I. Fal’ko, A. Mishchenko, A. V. Kretinin, K. S. Novoselov, C. R. Woods, K. Watanabe,
T. Taniguchi, A. K. Geim, and J. R. Prance, “Quantum oscillations of the critical current and high-field superconducting
proximity in ballistic graphene,” Nature Physics, vol. 12, no. 4, pp. 318–151, 2016.
[38] M. Oksanen, A. Uppstu, A. Laitinen, D. J. Cox, M. Craciun, S. Russo, A. Harju, and P. Hakonen, “Single-mode and
multimode fabry-pe´rot interference in suspended graphene,” Phys. Rev. B, vol. 89, p. 121414, Mar 2014.
[39] P. Rickhaus, P. Makk, M.-H. Liu, E. To´va´ri, M. Weiss, R. Maurand, K. Richter, and C. Schoenenberger, “Snake trajectories
in ultraclean graphene p-n junctions,” Nature Communication, vol. 6, p. 6470, Mar. 2015.
[40] L. Wang, I. Meric, P. Y. Huang, Q. Gao, Y. Gao, H. Tran, T. Taniguchi, K. Watanabe, L. M. Campos, D. A. Muller, J. Guo,
P. Kim, J. Hone, K. L. Shepard, and C. R. Dean, “One-dimensional electrical contact to a two-dimensional material,”
Science, vol. 342, no. 6158, pp. 614–617, 2013.
[41] M. I. Katsnelson, K. S. Novoselov, and A. K. Geim, “Chiral tunnelling and the klein paradox in graphene,” Nature Physics,
vol. 2, pp. 620–625, Sept. 2006.
[42] V. V. Cheianov and V. I. Fal’ko, “Selective transmission of dirac electrons and ballistic magnetoresistance of n−p junctions
in graphene,” Phys. Rev. B, vol. 74, p. 041403, Jul 2006.
[43] A. V. Shytov, M. S. Rudner, and L. S. Levitov, “Klein backscattering and fabry-pe´rot interference in graphene heterojunc-
tions,” Phys. Rev. Lett., vol. 101, p. 156804, Oct 2008.
[44] M. Ramezani Masir, P. Vasilopoulos, and F. M. Peeters, “Fabry-pe´rot resonances in graphene microstructures: Influence
of a magnetic field,” Phys. Rev. B, vol. 82, p. 115417, Sep 2010.
[45] M. Flo¨ser, S. Florens, and T. Champel, “Transmission coefficient through a saddle-point electrostatic potential for graphene
in the quantum hall regime,” Phys. Rev. B, vol. 82, p. 161408, Oct 2010.
[46] H. A. Fertig and B. I. Halperin, “Transmission coefficient of an electron through a saddle-point potential in a magnetic
field,” Phys. Rev. B, vol. 36, pp. 7969–7976, Nov 1987.
[47] M. Bu¨ttiker, “Quantized transmission of a saddle-point constriction,” Phys. Rev. B, vol. 41, pp. 7906–7909, Apr 1990.
[48] R. Du, M. Liu, J. Mohrmann, F. Wu, R. Krupke, H. v. Lo¨hneysen, K. Richter, and R. Danneau, “Tuning anti-klein to
klein tunneling in bilayer graphene,” arXiv preprint arXiv:1703.07260, 2017.
[49] F. Ghahari, D. Walkup, C. Gutie´rrez, J. F. Rodriguez-Nieva, Y. Zhao, J. Wyrick, F. D. Natterer, W. G. Cullen, K. Watan-
abe, T. Taniguchi, L. S. Levitov, N. B. Zhitenev, and J. A. Stroscio, “An on/off berry phase switch in circular graphene
resonators,” Science, vol. 356, no. 6340, pp. 845–849, 2017.
[50] T. Taychatanapat, J. Y. Tan, Y. Yeo, K. Watanabe, T. Taniguchi, and B. O¨zyilmaz, “Conductance oscillations induced
by ballistic snake states in a graphene heterojunction,” Nature Communication, vol. 6, p. 6093, 2015.
[51] P. Makk, C. Handschin, E. To´va´ri, K. Watanabe, T. Taniguchi, K. Richter, M.-H. Liu, and C. Scho¨nenberger, “Coexistence
of classical snake states and aharonov-bohm oscillations along graphene p−n junctions,” Phys. Rev. B, vol. 98, p. 035413,
Jul 2018.
[52] J. R. Williams and C. M. Marcus, “Snake states along graphene p−n junctions,” Phys. Rev. Lett., vol. 107, p. 046602, Jul
2011.
[53] M. Liu, “Theory of carrier density in multigated doped graphene sheets with quantum corrections,” Phys. Rev. B, vol. 87,
p. 125427, Mar 2013.
